. (2010). Effect of carbonate ion concentration and irradiance on calcification in planktonic foraminifera. Biogeosciences, 7(1), 247-255. https://doi.org/10.5194/bg-7-247-2010 Biogeosciences, 7, 247-255, 2010 www.biogeosciences.net/7/247/2010 3 ] expected at the end of the century, the calcification rates of these two species are projected to be 6 to 13% lower than the present conditions, while the final shell weights are reduced by 20 to 27% for O. universa and by 4 to 6% for G. sacculifer. These results indicate that ocean acidification would impact on calcite production by foraminifera and may decrease the calcite flux contribution from these organisms.
Introduction
Due mostly to human activities, the atmospheric carbon dioxide (CO 2 ) partial pressure is currently increasing. Depending on the socio-economic scenarios, the CO 2 level will reach 490 to 1250 ppmv by 2100 (Prentice et al., 2001) . About 25% of the total anthropogenic CO 2 emissions have been absorbed by the ocean . However, Correspondence to: F. Lombard (fla@aqua.dtu.dk) absorption of large quantities of atmospheric carbon implies changes in the carbonate system equilibrium, notably a decrease in pH and carbonate ion concentration ([CO 2− 3 ]). pH has already decreased by 0.1 units compared to pre-industrial values and will further decrease by 0.3 to 0.4 units by 2100 Orr et al., 2005) . Such changes may significantly influence the calcification rates of various organisms. Previous studies have reported that ocean acidification negatively impacts calcification in coccolithophores, pteropods, corals, and commercial shellfish (e.g., Riebesell et al., 2000; Leclercq et al., 2000; Gazeau et al., 2007; Comeau et al., 2009 ), but some species or strains may be unaffected at elevated pCO 2 (e.g., Iglesias-Rodriguez et al., 2008) . Reducing the calcification rate of planktonic organisms can have opposite effects on the carbon cycle. Firstly, it decreases the positive feedback of calcification on atmospheric CO 2 (Gattuso et al., 1999; Wolf-Gladrow et al., 1999) . Secondly, ocean acidification will decrease the role of ballast that calcium carbonate has by facilitating the export of organic matter to the deep ocean (Armstrong et al., 2002; Klaas and Archer, 2002) . Understanding the possible effects of ocean acidification, therefore, requires investigating the response of the major calcifying organisms.
Planktonic foraminifera are widespread calcifying protozoa, responsible for 32-80% of the global deep-ocean calcite fluxes (Schiebel, 2002) . Moy et al. (2009) reported that the modern shell weight of G. bulloides is 30 to 35% lower than that measured from the sediments. They attributed the difference to reduced calcification in response to ocean acidification. Several experimental results also indicate that ocean acidification can impact planktonic foraminifera notably by Published by Copernicus Publications on behalf of the European Geosciences Union. reducing their shell thickness and weight Russell et al., 2004) . However, these results were obtained as by-products of geochemical studies focusing on shell composition and did not provide any quantitative estimates of calcification rates. In this article, the results of different geochemical experiments are reanalysed in order to provide quantitative estimates of the effect of ocean acidification on foraminiferal calcification. We focus on two widespread species of planktonic foraminifera that both harbour photosymbionts: Orbulina universa and Globigerinoides sacculifer.
Material and methods
Data used in this investigation originate from two previous studies. The first study was conducted during summer 2000 on Orbulina universa in Catalina Island, California (Russell et al., 2004) and the second study targeted Globigerinoides sacculifer in Puerto Rico in the summer of 2006 (R. da Rocha, A. Kuroyanagi, G.-J. Reichart, and J. Bijma, unpublished data). In both cases, individuals were collected by scuba-divers, and grown in the laboratory until gametogenesis. They were fed regularly (every third day, starting on the day of collection) and kept under a 12:12 h light:dark cycle. O. universa was cultured under high irradiance (300 to 400 µmol photons m −2 s −1 ) whereas G. sacculifer was grown under high (HL) and low (LL) irradiances (335 and 35 µmol photons m −2 s −1 , respectively). [CO 2− 3 ] was manipulated by adding NaOH or HCl to filtered sea water. Foraminifera were kept in this modified seawater in closed borosilicate glass culture vessels of 125 ml, with no headspace to prevent exchange with atmospheric CO 2 .
The carbonate chemistry of the solutions was analysed by measuring alkalinity via Gran titration using a Metrohm open-cell autotitrator (mean precision: 10 µEq kg −1 ), that was calibrated against certified reference material provided by A. Dickson. Seawater pH and culture media pH were determined potentiometrically and calibrated with standard NIST buffers. The pH values are reported on the NBS scale. Alkalinity and pH measured at the start and termination of the experiments were used to calculate initial and final carbonate chemistry using CO2SYS (Lewis and Wallace, 1998) and the dissociation constants of Mehrbach et al. (1973) refitted by Dickson and Millero (1987) .
Globigerinoides sacculifer was grown at 26(±1) • C in seawater with a salinity of 36.2(±0.2). Data include measurements of the initial and final size (µm), the survival time ( t; days from collection to gametogenesis), and final weight of the shell (W f ; µg) of each specimen measured prior to isotopic analysis. Only individuals that underwent gametogenesis and grew at least one chamber were used for subsequent analysis. The initial shell weight (W i ; µg) was estimated from initial shell size and using the measured shell size vs. weight regression obtained under "ambient" [CO Table 2. 1995) assuming a spherical shells shape. The geometric average weight (W org ; µg C) was then calculated. In order to estimate calcification rates independently from the individual size, it was normalized per unit of cytoplasmic carbon (C; µg µg C −1 d −1 ):
Data for O. universa were taken directly from Table A1 of Russell et al. (2004) and only the results obtained at 22 • C were used. Results from their experiment I and II, even though similar, were kept separate because the number of specimens per sample was different. The average shell length (µm) and weight (µg) of mature specimens were used to estimate the length-weight relationship for each condition. Unfortunately, critical measurements, such as initial size or survival time, were not reported. The survival time in the laboratory ( t) was assumed to be 7.4 days because this was the mean survival time at 22 • C observed in experiments carried out at the Catalina Island laboratory (Lombard et al., 2009) . All specimens grew a spherical chamber, which represented 95% of the final shell weight (Lea et al., 1995; Russell et al., 2004) . The initial (pre-spherical) weight of the shell (W i ) was, therefore, estimated to represent 5% of the final weight. The organic carbon weight (W org ) was calculated from the final size of adult O. universa (spherical form) and the specific conversion factor of 0.018 pg C µm −3 , as reported by Michaels et al. (1995) . The calcification rate was then calculated as described in Eq.
(1).
Results
In the G. sacculifer experiments, the average initial size was 396(±92) µm with a minimum size of 190 µm and a maximum size 716 µm (Table 1) . Irradiance had a strong effect on both t and final size. Under the LL condition, the individuals reproduced, on average, two days earlier and at a smaller size (about 100 µm less) than under HL. The different [CO 2− 3 ] conditions had little or no effect on t and the final size of the organisms ( (Fig. 1c) . was not significant for G. sacculifer in LL conditions. However, the final shell weight of G. sacculifer obtained in LL was 20 to 26% lower than under HL. This difference means that field-grown contribution to shell mass was higher in LL conditions and may have hidden calcification differences. Calcification rates normalized per unit biomass were calculated from previous weights and survival time measurements. The biomass-normalized rate of calcification declined significantly with decreasing [CO 2− 3 ] for both species (Fig. 3) . The relationships between calcification (C;µg d −1 µgC −1 ) and [CO Due to the calcification of its large spherical chamber, the calcification rate of O. universa was 2.5 to 4 times larger than for G. sacculifer (HL). The calcification of G. sacculifer in LL conditions was reduced by 30% on average compared to HL. [CO 2− 3 ] levels did not strongly influence this proportion.
Discussion and conclusions
The observation that [CO , 2002 Russell et al., 2004) . However, earlier work did not provide quantitative estimates of the response of foraminifera calcification to changes in seawater carbonate chemistry. The final shell weight was impacted by both the initial shell weight and the time needed until gametogenesis ( t). For O. universa, the weight of the initial shell that was calcified in the field was negligible (∼5% of final weight), whereas it was about half of the final weight for G. sacculifer. t also varied under the two different light conditions used for G. sacculifer, with gametogenesis occurring two days earlier under high irradiance than under low irradiance. In contrast to previous estimates, the rate of calcification normalized per unit biomass was either not influenced or only slightly influenced by the initial shell size and t. Hence, the [CO 2− 3 ] impact on the final weight was certainly biased in G. sacculifer. Effectively calculating the rate of calcification by normalizing the mass increase by the time required to precipitate should lead to a better approximation of the [CO 2− 3 ] effect on the calcite production. To our knowledge, this is the first report providing a first order estimate of the [CO 2− 3 ] effect on calcification rates of planktonic foraminifera.
Our estimate of the calcification rate was, however, not free of biases, particularly in the case of O. universa. The initial shell size and survival time of this species in culture was not available and was estimated from independent observations. Therefore, the organic weight could not be calculated as the average weight during the experiment but only as a function of the final shell weight. This uncertainty influences the calcification estimates of O. universa, but it does not affect the conclusion that calcification decreases as a function of decreasing [CO 2− 3 ] and the final weight observations. This bias does not occur with G. sacculifer because all the required data were available. In order to calculate the calcification rate on a cytoplasmic carbon content basis, the latter is assumed to be related to the size of the shell. Before gametogenesis, cytoplasm usually fills the final chamber entirely. This assumption did not introduce large variability. However, during collection (t = 0), cytoplasm may not have entirely filled the last chamber, which may explain, in part, the variability observed between individuals.
Foraminifera calcify intermittently. They calcify new chambers every few days within only a few hours (e.g., Spero, 1988; Hemleben et al., 1989) . Shortly before undergoing gametogenesis, they add an additional layer of socalled gametogenic calcite, which can account for 4 to 20% of the final weight of the shell of O. universa (Hamilton et al., 2008) . Hence, foraminiferal calcification is not a constant process, and our estimates are averages over the culture period involving primary, secondary and gametogenic calcite. If [CO 2− 3 ] affects gametogenetic calcification differently, massive addition of gametogenetic calcification may hide reduced calcification of earlier formed carbonate. O. universa produces a thin juvenile trochospiral test and a large thick spherical chamber at the end of its life cycle. This massive calcification is responsible for the high calcification rate calculated for this species (Fig. 3) , but this rate is not representative of the calcification rate during trochospiral shell growth. It should be noted that O. universa produces this final spherical chamber over a period of several days of continued calcification.
Irradiance had a significant effect both on growth and calcification of G. sacculifer. At low irradiance, the time between collection and reproduction ( t) was shorter; furthermore the final shell weight and the rates of calcification were lower compared to high irradiance (Figs. 1-3, Table 1 ). Calcification was 30% lower in LL than in HL. This is consistent with previous results on G. sacculifer (Erez, 1983) and O. universa (Lea et al., 1995) . These studies indicated rates of calcification 3 to 4 times higher in the light than in the dark, which correspond to a 66-75% decrease in dark conditions. Similar observations have been made on other photosynthetic calcifying organisms such as zooxanthellate corals (Gattuso et al., 1999; Moya et al., 2006; Schutter et al., 2008) , which further highlights the strong interactions between irradiance and calcification rate. Planktonic foraminifera calcify mostly during daytime, and only 10 to 30% of the calcite is added during the night for O. universa (Lea et al., 1995) . Symbiotic algae may facilitate calcification during daytime by increasing the pH in the vicinity of the shell (Rink et al., 1998) . In contrast, the respiration process at night reduces the pH around the foraminifera. As a result, night calcification may be more affected by a decrease in bulk [CO ] on dark and light calcification cannot be separated. This eventually originates from the fact that foraminifera also have the ability to control the pH in the seawater vacuoles used for calcification (Beentov et al., 2009; Nooijer et al., 2009 ).
The final shell weight (Figs. 1 and 2 ) and the calcification rate (Fig. 3) clearly depended on [CO 2− 3 ]. In the case of LL conditions for G. sacculifer, the weight offset between initial and final conditions was too low to observe significant changes in final shell weight (Fig. 2b) , but its calcification rate was significantly influenced by [CO 2− 3 ] (Fig. 3b) (Langdon and Atkinson, 2005) and oysters (Gazeau et al., 2007) , but it is lower than other observations on corals (Langdon and Atkinson, 2005) , mussels (Gazeau et al., 2007) , or pteropods (Comeau et al., 2009 ). Other planktonic foraminifera may have a higher sensitivity to [CO 2− 3 ], especially those that lack photosymbionts and inhabit temperate to cold waters, which naturally have reduced concentrations of CO 2− 3 . Hence, it is possible that the decrease of [CO 2− 3 ] may have a larger effect on non-symbiotic species than on symbiotic species. This may explain the larger decrease of shell weight between LGM to modern conditions observed for the non-symbiotic species G. bulloides (Barker and Elderfield, 2002; Moy et al., 2009) compared to the symbiotic G. ruber (de Moel et al., 2009) . Consequently, there is a need to assess the effect of [CO 2− 3 ] on the calcification rate of non-symbiotic species. Additionally, in order to estimate the influence of global environmental changes on calcite fluxes generated by foraminifera, there is a need to estimate the effect of reduced pH on shell dissolution and crust formation during sedimentation (Schiebel et al., 2007) . The combined effect of decreased pH, elevated temperature and reduced food availability also need to be estimated. At higher temperatures, large foraminifera are usually more abundant (Bé and Tolderlund, 1971) , have higher growth rates (Lombard et al., 2009) , and produce larger shells (Schmidt et al., 2006) . Hence, the future increase in temperature could increase the production of calcite by foraminifera, counteracting the negative impact of ocean acidification. On the other hand, food availability for foraminifera could decrease in the future (Behrenfeld, 2006) . As a result, foraminiferal abundance or growth rate could decline, thereby adding to the negative impact of ocean acidification. The combined effect of temperature, [CO 2−
